The spatial variability of As concentrations in aquifers of the Red River Delta, Vietnam, was studied in the vicinity of Hanoi. Two sites, only 700 m apart but with very different As concentrations in groundwater (site L: <10 lg/L vs. site H: 170-600 lg/L) in the 20-50 m depth range, were characterized with respect to sediment geochemistry and mineralogy as well as hydrochemistry. Sequential extractions of the sediment were carried out in order to understand why As is released to groundwater at one site and not the other. No major differences were observed in the bulk mineralogy and geochemistry of the sediment, with the exception of the redox state of Fe oxyhydroxides inferred from sediment colour and diffuse spectral reflectance. At site H most of the As in the sediment was adsorbed to grey sands of mixed Fe(II/III) valence whereas at site L As was more strongly bound to orange-brown Fe(III) oxides. Higher dissolved Fe and low dissolved S concentrations in groundwater at site H ($14 mg Fe/L, <0.3 mg S/L) suggest more strongly reducing conditions compared to site L (1-2 mg Fe/L, <3.8 mg S/L). High concentrations of NH þ 4 ($10 mg/L), HCO À 3 (500 mg/L) and dissolved P (600 mg/L), in addition to elevated As at site H are consistent with a release coupled to microbially induced reductive dissolution of Fe oxyhydroxides. Other processes such as precipitation of siderite and vivianite, which are strongly supersaturated at site H, or the formation of amorphous Fe(II)/As(III) phases and Fe sulfides, may also influence the partitioning of As between groundwater and aquifer sands.
Introduction
The enrichment of natural waters with As from geogenic sources poses a severe health problem throughout the world. Cases of arsenicosis have long ago been attributed to elevated As levels in drinking water in countries such as Taiwan (Tseng et al., 1968) , Chile (Zaldivar, 1974) , Mexico (Del Razo et al., 1990) and Argentina (Nicolli et al., 1989) . However, the international scientific community was truly mobilized only after the discovery of elevated groundwater As concentrations throughout the densely populated Bengal Basin, which includes Bangladesh and the state of West Bengal in India (Das et al., 1996) . Other regions with elevated As levels in groundwater have since been identified, primarily in relatively young alluvial deposits, such as the densely populated deltas of the Mekong and Red River in Cambodia and Vietnam (Berg et al., 2001 Polya et al., 2005; Buschmann et al., 2007 Buschmann et al., , 2008 Larson et al., 2008; Rowland et al., 2008; Winkel et al., 2008a) .
Over the years, various processes have been postulated in order to explain high As concentrations in groundwater. The reductive dissolution of different Fe oxides, which are common in sedimentary environments, is widely accepted as a key process for the release of As into groundwater (Nickson et al., 2000; Dowling et al., 2002; Harvey et al., 2002; Stüben et al., 2003; Charlet and Polya, 2006) . However, the reduction of Fe oxides alone cannot explain the wide range of groundwater As concentrations encountered in similarly reducing aquifers (Polizzotto et al., 2006; Stute et al., 2007; van Geen et al., 2008a) . What is clear is that the microbially driven decomposition of organic matter plays an important role for the onset and the maintenance of reducing conditions in aquifers (Lovley, 1992; Lovley and Chapelle, 1995; Rowland et al., 2006 Rowland et al., , 2007 . Despite its importance, not enough is known about the nature and the origin of this organic matter (Rowland et al., 2006) . Different sources have been proposed over the years, including peat layers or confining sediment layers rich in total organic carbon (TOC) (Lovley and Chapelle, 1995; McAthur et al., 2001; Zheng et al., 2004; Winkel et al., 2008b Winkel et al., , 2008a , recharge from ponds and rivers commonly high in dissolved organic carbon (DOC), as well as anthropogenic sources of organic matter (Bukau et al., 2000; McAthur et al., 2001; Harvey et al., 2002) . Further processes under discussion which could influence the As concentration in groundwater are competition with other dissolved ions like PO 3À 4 (Su and Pulse, 2001) or HCO À 3 (Harvey et al., 2002; Apello et al., 2002) , oxidation of pyrite (Chowdhury et al., 1999) or precipitation and dissolution of secondary mineral phases (e.g. siderite, magnetite, amorphous phases incorporating As) (Sengupta et al., 2004; Swartz et al., 2004; Herbel and Fendorf, 2006) . Polizzotto et al. (2006) have also suggested that As released in the surface soil by redox cycling could be transported downwards towards the sandy aquifer.
There is still much disagreement about causes underlying the patchy As distribution commonly observed in affected areas. Pronounced differences in As levels can be found within distances of 100 m (BGS/DPHE, 2001; van Geen et al., 2003; McAthur et al., 2004) . Recent studies in portions of the Red River Delta have also revealed significant differences even within short distances of 10-20 m . Several explanations have been proposed for the complex spatial distribution of As, including differences in the subsurface lithology, mineralogy, geochemistry, local hydrology and the abundance of organic material (Pal et al., 2002; van Geen et al., 2006; Stute et al., 2007) . Considerable uncertainty remains, however, and too little is known to predict with confidence how As concentrations will evolve over time and to what extent aquifers currently providing potable water can be relied on in the future (Zheng et al., 2005) .
In an attempt to address some of these unresolved issues, the village of Van Phuc in northern Vietnam was selected for detailed investigations. In this village the spatial As distribution is known to be highly variable . Here geochemical results from two sediment cores recovered from two contrasting environments are presented and discussed, as well as profiles of groundwater properties obtained from nests of wells installed at the same two locations.
Study area
Van Phuc village is located in the Red River delta (Bac Bo Plain, RRD), 10 km SE of Hanoi (Fig. 1) . The delta covers an area of 11,000 km 2 and is used mainly for agriculture by a population of about 11 million (Berg et al., 2001) . The morphology of the delta has been controlled by the highly variable discharge of the Red River over the past millennia. Throughout this period, riverbed movement has caused erosion as well as accumulation of alluvial material. In addition, a succession of transgressions and regressions linked to climate fluctuations has contributed sediment of marine origin. Due to the multitude of sedimentation processes occurring in the RRD, the lithology of the delta sediments is highly complex and sediment sequences vary considerably within short distances (Mathers and Zalasiewicz, 1999; Tanabe et al., 2006) . Holocene as well as Pleistocene sediments are present in the larger Hanoi area (Trafford et al., 1996) . Southwest of Hanoi the Holocene sediments contain high amounts of natural organic matter (NOM). The Pleistocene and Holocene aquifers along the Red River are mainly recharged by water from the river itself, at least in part because of the large withdrawals supplying the city of Hanoi .
Van Phuc village is located between the Red River and a levee that protects the south-western parts of Hanoi from annual flooding (Fig. 1) . The village itself is occasionally flooded for a few days during the rainy season. The aquifer consists of faintly bedded Holocene and Pleistocene sediments up to depths >40 m . The land is mainly used for agriculture (corn, medicinal plants, cabbage) . Most of the fields are irrigated during the dry season either by water from ponds or, to a lesser extent, by groundwater from dug wells. However, there are no rice paddies in the region of Van Phuc.
Groundwater is the main source of drinking water in Van Phuc. Households commonly pass raw groundwater through sand filters which lowers As concentrations on average by 80% due to co-precipitation with Fe (Berg et al., 2006) . Between the rainy and dry season, the depth of the water table varies widely in both the aquifer (64 m) and in the Red River (7-10 m). The similar major ion composition of groundwater in Van Phuc and water from the Red River is consistent with a significant component of recharge originating from the river, as recently documented at different locations upstream (Postma et al., 2007; Berg et al., 2008 ).
In April 2006, two $55 m-long sediment cores were recovered by rotary drilling at site L, located in the lowAs area, and at site H in the high-As area (Fig. 1) . The distance between the two sites is only 700 m. Nine monitoring wells ranging from 17 to 55 m in depth and consisting of PVC casings with a 1-m long sand trap at the bottom were also installed at each site (Fig. 2) . To avoid infiltration of surface water, concrete pads surrounding the upper Fig. 1 . Map depicting the study sites in Van Phuc village situated some 10 km south of the centre of Hanoi city (modified map from Berg et al., 2007) .
Arsenic in groundwater shows a patchy distribution in this village. Site L (low) has particularly low levels of dissolved As (3 ± 2 lg/L), whereas site H (high) features very high-As concentrations (400 ± 135 lg/L). The two sites are 700 m apart from each other. The satellite image was taken from google-earth (earth.google.com). steel casing were installed and each well was capped with a steel screw cap.
Materials and methods

Water sampling and analysis
Water samples were taken from the nine monitoring wells at each site. Prior to sampling, groundwater was pumped for about 10 min with an electrical pump to avoid any contamination by stale water. Portable YSI 556 and WTW Multi 340i (John Morris Scientific Pty Ltd.) systems were used to measure Eh, pH, temperature, conductivity and O 2 . Disposable cartridges that selectively adsorb As(V) were used in the field to determine the speciation of As (Meng et al., 2001 ) by difference relative to total dissolved As concentrations. For analysis of metals, NH þ 4 and total P (P tot ), groundwater samples were filtered on-site (cellulose nitrate filter, 0.45 lm) and acidified with HNO 3 (65%, Fluka, Switzerland) to a pH < 2. For anions, alkalinity ($HCO À 3 ) and dissolved organic C (DOC), the samples were left unfiltered and non-acidified. Pre-rinsed polypropylene bottles were filled with the samples, sealed tightly and stored in the dark at 4°C until analysis. For alkalinity the samples were filtered in the laboratory before analysis. In order to check the quality of the alkalinity analysis in the laboratory, control-measurements were done in the field with a test kit (Merck, Germany). The results of laboratory and field measurements were within 10% and therefore a significant alteration of the alkalinity during storage and transport can be excluded.
Dissolved As, P tot and S concentrations were measured by high-resolution ICP-MS (Element 2, Thermo Fisher, Bremen, Germany). The analysis of Fe, Mn, Ca, Mg and Ba was conducted by ICP-OES (Spectro Ciros CCD, Kleve, Germany). Ammonium was analysed by photometry; NO À 3 and Cl À by ion chromatography (Dionex, Switzerland), alkalinity by titration and DOC by means of a TOC 5000 Analyser (Shimadzu, Switzerland). All groundwater analyses were carried out at Eawag. The quality of the results can be taken as reasonably good as the ion balance varies within less than 10%.
Sediment sampling and analysis
Samples were taken from the sediment cores in intervals of 1-m and more frequently in cases of significant changes in colour, grain size or texture. About 100 g of fresh sediment material was placed in polypropylene bags and later flushed with N 2 to minimize oxidation processes in the time between sampling and analysis. Before transport the samples were packed into Mylar bags and flushed again with N 2 . The samples were sent to Germany where they were frozen until further analysis.
Prior to analysis, subsamples of the sediment were dried at 40°C and ground to powder. The elemental composition of the sediments was determined by energy dispersive X-ray fluorescence analysis (Spectra 5000, Atomica). Precision (better than 5%) was calculated from repeated measurements of a standard material, whereas accuracy (better than 10%) was checked by including different reference materials, e.g. GXR 2 (Park City, Utah, USA). Total S and C contents were quantified by a Carbon-Sulphur-Analyser (CSA 5003, Leybold Heraeus, Germany), and inorganic C was determined by CarbonWater-Analysis (CWA 5003, Leybold Heraeus, Germany). The organic C content was calculated by subtracting inorganic C from total C. The mineral composition of the sediment samples was determined by means of X-ray diffraction (XRD) analysis (Kristalloflex D500, Siemens, Germany) at 40 kV and 25 mA. CuKa1-radiation was used at angles between 3°and 63°. The semi-quantitative evaluation of the spectra was based on calibration curves obtained from different samples with known mineral composition (Snyder and Bish, 1989) .
The grain size distribution of the sediment was measured at Vanderbilt University using a laser-granulometer (Mastersizer 2000, Malvern) . The grain sizes were grouped as follows: clay: <2 lm, silt: 2-63 lm, sand: >63 lm.
A CM2005d spectrophotometer (Minolta Corp., USA) was used in order to measure the diffuse reflectance spectrum of freshly collected sediment in the field relative to a white standard plate consisting of BaSO 4 . Each measurement was repeated three times. The difference in reflectance between 530 and 520 nm was calculated from the measurements in order to obtain a value (DR in % reflectance) that previous work has shown is inversely related to the Fe(II)/Fe ratio in the acid-leachable fraction of aquifer particles in Bangladesh .
For sequential extractions of sediment from 7 intervals at site L and 9 at site H ( Fig. 2) , 0.5 g of fresh sediment was weighed into centrifuge tubes and the appropriate amount of leaching solution was added. After each step the solutions were centrifuged at 4500 rpm for 15 min and then decanted. The solutions were kept in a refrigerator until further measurements by (HR-) ICP-MS (Axiom, VG Elemental). The procedure of Keon et al. (2001) was slightly modified (Table 1) . In order to avoid interferences with ICP-MS measurements, 0.05 M (NH 4 ) 2 SO 4 (Wenzel et al., 2001 ) was used instead of MgCl 2 in the first step. Furthermore, in step 5 the application of Ti-citrate-EDTA was changed to dithionite-citrate-bicarbonate (DCB) solution described in van Herreweghe et al. (2003) . Finally, steps 7 and 8 of the original procedure were combined into one step. Specific conditions and the phases targeted by each step are listed in Table 1 . In order to check the reproducibility of the sequential extraction, one subsample was first homogenized and afterwards separated into 3 aliquots. In 5 out of 7 of the fractions the results for Fe and As concentrations did not differ by more than 10%, which constitutes a reasonable level of reproducibility.
Geochemical modelling and statistical analysis
The saturation indices of different minerals like calcite, dolomite, siderite etc. were calculated on the basis of the hydrochemical results with the PHREEQC-program (Parkhurst and Appelo, 1999) . Statistical analysis of water as well as sediment data was done using the STATISTICAprogram (StatSoft, USA, Version 6). The p-value for the given correlations is always <0.01.
Results and interpretation
Lithology and reflectance
Based on grain-size, the core at site L can be separated into 3 distinct layers: a silty (75 ± 12%) layer extending from the top to a depth of 23 m, a sandy (65 ± 16%) intermediate layer with varying amounts of silt to a depth of 48 m, and a coarse gravel layer extending to a depth of 54 m where drilling stopped (Fig. 3a) . Noteworthy are two distinct black, organic rich intervals at depths of $11 m and $13 m, respectively, within the upper silty layer. This layer is an aquitard, based on the low hydrologic conductivity (K: $7 Â 10 À8 m/s) estimated from the grain size distribution (Beyer, 1964) . The transition to the underlying aquifer at a depth of 23 m is marked by a Fe-concretion consisting of goethite and quartz. The aquifer is separated into an upper sand (K: $2 Â 10 À6 m/s) and a lower gravel deposit (Fig. 3a) . The upper part is $25 m thick and mainly composed of fine to medium sands interspersed with silty layers, mostly brown to yellowishbrown in colour.
The lithology of core H differs significantly from core L and is more heterogeneous (Fig. 3b) . The upper silt (68 ± 20%) layer is only $10 m thick and the colour changes from reddish-brown to greyish at $7 m. The estimated permeability is comparable to the clayey silt at site L (K: $7 Â 10 À8 m/s). Below this layer, alternating clayey silt, silty fine sands, and fine sands were observed to a depth of $21 m. Within this layer the hydraulic conductivity increases to (K: $4 Â 10 À6 m/s) until deeper in the aquifer when hydraulic conductivity increases further (K: $8 Â 10 À6 m/s) due to the prevalence of sand (61 ± 20%) with varying amounts of silt. Noteworthy is a change in colour from greyish to brownish at $44 m. At a depth of 55 m, a much coarser gravel layer appears as at site L.
The spectral reflectance data are consistent with changes in the colour of the sediment and can be related more quantitatively to changes in the redox state of acidleachable Fe oxyhydroxides . At site L, the peat layer corresponds to an interval of particularly low DR (<0.1) whereas values >0.7 (Fig. 3a) in the underlying aquifer are typical for oxidized orange sediments. Values of DR < 0.25 in the grey sands at site H (Fig. 3b) are consistent with more reducing conditions throughout the 7-44 m depth range (van Geen et al., 2006 ). An increase in DR towards the bottom of the core at site H parallels the observed change in colour and indicates a transition towards less reducing conditions.
Hydrochemistry 4.2.1. Site L
The hydrochemistry is distinctly different at the two sites. As indicated by the Piper diagram in Fig. 4 , the water at site L can be classified as Ca-(Na)-Mg-HCO 3 type, whereas the water at site H belongs to a Ca-HCO 3 type. Low Cl À concentration in combination with Ca over Mg predominance is typical for deltaic groundwater (White et al., 1963; Stüben et al., 2003) and the Red River .
Concentrations of As in groundwater at site L range from 0.9 to 7.8 lg/L and are below the WHO-limit of 10 lg/L. Concentrations remain very low throughout the sandy aquifer, with 7.8 lg/L reached only in the gravel layer (Fig. 5 ). Fifty to ninty percent of As in groundwater is present as As(III) at site L. The pH (6.7 ± 0.2) is also quite constant throughout the depth profile. The absence of NO
and high dissolved Mn concentrations (1.1 ± 1.1 mg/L) (Fig. 5) suggest that the groundwater at site L can be considered as Mn-reducing with regard to the classical redox sequence, at least in the upper part of the profile. However, the presence of dissolved Fe (1.8 ± 0.6 mg/L) throughout the depth range and the decrease in dissolved S to <0.4 mg/L below 30 m depth (Fig. 5 ) suggest some overlap with reactions typically associated with more strongly reducing conditions (sulphide and CH 4 were not measured, but the freshly pumped groundwater did not smell of H 2 S). The mean molar Fe/As ratio in the water at site L is very high (>1000), although both Fe-and As-concentrations are very low. The conductivity (230 ± 64 lS/cm) points towards relatively low mineralization in the aquifer at site L, which is consistent with low concentrations of Ca (25 ± 13 mg/L), Mg (21 ± 10 mg/L) and Ba (67 ± 32 lg/L) (Fig. 5) , suggesting limited organic turnover in the aquifer at site L. The significant correlation between the sum of Ca and Mg with HCO À 3 (r = 0.99, n = 9) suggests that these 3 ions mainly originate from the dissolution of calcite and dolomite. Calcite (SI calcite = À1 ± 0.6) and dolomite (SI dolomite = À1.7 ± 1) are subsaturated, especially in the upper part of the aquifer at site L (Fig. 6a) . The corresponding molar ratio of [HCO 
Site H
In contrast to site L, As concentrations at site H are generally well above 10 lg/L and range from 170 to 600 lg/L in the sandy aquifer. More than 90% of As in groundwater occurs in the reduced As(III) form. The concentration of As declines sharply to 7 lg/L (Fig. 5 ) in groundwater pumped from the coarse gravel layer at the bottom of the section. The pH (7.1 ± 0.1) at site H is slightly higher than at site L. The groundwater is characterized by high concentrations of dissolved Fe (14.5 ± 5.6 mg/L) although dissolved Mn (0.8 ± 0.7 mg/L) levels are comparable to site L. Concentrations of NO À 3 and dissolved S are not detectable throughout at site H (Fig. 5 ). There is a significant correlation between dissolved Fe and Eh (r = 0.89, n = 9), suggesting reductive dissolution of Fe-minerals in the aquifer at site H. The molar Fe/As-ratio of $100 in groundwater is comparable to Fe/As ratios reported by Berg et al. (2008) in Van Phuc and Thuong Cat for aquifers that are elevated in As. Concentrations of NH þ 4 (10 ± 7 mg/L), P tot (0.6 ± 0.3 mg/L), HCO À 3 (490 ± 70 mg/L) as well as DOC (2.59 ± 1.4 mg/L) all suggest microbial degradation of organic material that is most intense in the upper part of the profile at site H and decreases in intensity with depth (Fig. 5) . Higher conductivities (490 ± 40 lS/cm) measured at site H compared to site L points towards enhanced mineralization, especially in the upper part of the profile (Fig. 5) . Elevated concentrations of dissolved Ca (110 ± 15 mg/L) and Ba (590 ± 230 lg/ L) suggest dissolution of minerals such as gypsum or barite, which are both undersaturated over the entire profile at site H (data not shown). However, the groundwater is supersaturated with respect to calcite as well as dolomite at this site (Fig. 6b) . Since there is no correlation between HCO The composition of groundwater suggests the formation of new Fe phases at site H. There is a correlation be- tween HCO À 3 concentrations and the saturation index for siderite (r = 0.71, n = 8) as well as dissolved Fe and SI siderite (r = 0.95, n = 9). Siderite was detected in the XRD-measurements, and geochemical modelling shows that it is strongly supersaturated throughout the profile (SI siderite = 1.5 ± 0.3) (Fig. 6b) . This suggests siderite precipitation, despite reported slow kinetics at low temperatures (Postma, 1982) . Dissolved Fe concentrations also correlate well with P concentrations (r = 0.84, n = 8), suggesting that phosphate originally adsorbed onto Fe oxide minerals may be released during the dissolution of these phases at site H. The result is that groundwater at site H is also supersaturated with respect to vivianite (SI vivianite = 1.95 ± 0.5) (Fig. 6b) . Vivianite was detected in the sediment by XRD, especially in the upper part of the profile.
The hydrochemistry of groundwater at the depth of the gravel layer is broadly similar at both sites (Fig. 5 ). This holds for dissolved As ($7 lg/L) as well as dissolved Fe (2 mg/L) and P tot (0.3-0.6 mg/L). The deepest groundwater at both sites is supersaturated with respect to calcite and dolomite, as in the shallower sandy aquifer at site L. The concentration of dissolved S is significantly higher in the gravel layer at site L compared to site H, however. The overall patterns suggest that the composition of groundwater at depth in Van Phuc may rather be controlled by region-wide flow through the Pleistocene gravel layer than by differing local conditions.
Mineralogical and geochemical composition
The bulk mineralogical composition of the sediment at site L and H is very similar. The dominant minerals are quartz (A: 56 ± 19, B: 59 ± 15 wt.%), mica (19 ± 5, 17 ± 8 wt.%), feldspars (10 ± 6, 14 ± 6 wt.%) and kaolinite (7 ± 2, 5 ± 3 wt.%). Variations in their relative proportions with depth depend primarily on grain size. In clayey silt, quartz (44 ± 12, 40 ± 7 wt.%) and feldspars (5 ± 1, 5 ± 1 wt.%) are less abundant, whereas in sand their contribution is significantly higher (quartz: 74 ± 11, 65 ± 11 wt.%; feldspars: 14 ± 4, 15 ± 4 wt.%). The increase is mainly at the expense of phyllosilicates like mica, chlorite, and kaolinite, which are much less abundant in the sandy layers. The contribution of calcite and dolomite is low to undetectable throughout the profiles and could be quantified only in clayey silt ($1 wt.%). Fe minerals such as hematite, goethite, and hornblende are present throughout at site L and in most intervals at site H but their amounts could not be quantified. Minerals such as siderite, ilmenite, vivianite, gibbsite and boehmite were detectable in some but not all intervals at both sites. In the upper portion of site L, pyrite was detected in some samples.
The concentration of As in the solid phase at both sites is within the typical range reported for unconsolidated sediments (Smedley and Kinniburgh, 2002) . Concentrations of 1-30 mg/kg As (Fig. 3) are also comparable to previous observations in alluvial systems in Bangladesh or West Bengal where groundwater As levels are also elevated (e.g. Nickson et al., 2000; Swartz et al., 2004; Polizzotto et al., 2006) . The concentration of solid As in the sandy deposits is low at both sites with $5 mg/kg on average, compared to higher values in the upper silty layers of 14.5 ± 7 mg/kg (Fig. 3) . Concentrations of As in the solid phase correlate with the silt content (r s = 0.81, n = 42) at site L. No such relationship is observed at site H.
Concentrations of Fe in the solid phase ($5 wt.%) are higher in the upper part of the profile at both sites compared to the underlying sandy aquifer (2 wt.%, Fig. 3 ). Throughout the entire core from site L, there is also a clear relationship between As and Fe concentrations in the solid phase (r s = 0.74, n = 42). The relationship is weaker at site H (r s = 0.62, n = 55). The molar Fe/As ratio in the solid phase is slightly higher in the aquifer at site L (4000 ± 1500) compared to site H (3200 ± 2000). The ratio is within the range of 4200-4600 previously reported by Berg et al. (2008) for sediments in contact with groundwater high in As in the region.
At both sites organic rich layers were found in the upper part of the profile (Fig. 3) . The TOC content is up to 4.5 wt.% at site L but only up to 0.8 wt.% at site H. On average, the concentration of TOC in the sandy deposits is below 0.03 wt.% at both sites. These values are in the same range as previous TOC measurements for aquifers in the Hanoi region of 0.04-0.74 wt.% and 0.02-2.5 wt.% by Postma et al. (2007) and Berg et al. (2008) , respectively.
Sequential extractions 4.4.1. Site L
In the sediment, As appears to be associated with different phases in the upper silty layer and in aquifer sands at site L. In the silty sediment (A8120, A1410, Fig. 2 ), more than 40% of As was released by phosphate-extraction (F2,  Table 2 ), a fraction associated with strong adsorption. The HCl-extractable fraction is another important pool in this interval (F3, 10-20%) and may represent other host phases such as Mn-oxides, very amorphous Fe-oxides, siderite, vivianite and amorphous Al-oxides. A molar Fe:Al ratio of 9:1 and the low quantities of Mn released in the HCl-treatment compared to Fe and Al suggest that only Fe phases contribute significantly. Additionally, the extractions indicate that sulphides and organic matter (F7) may also contain significant levels of As (20-30%), which would be consistent with elevated total S (TS) (0.2-0.6 wt.%) and TOC (0.7-4 wt.%) concentrations in the upper layer. Compared to fractions F2, F3, and F7, other extractions did not release significant quantities of As from silty sediment at site L (Table 2) . Iron was mainly released in the HCl-, HFand HNO 3 /H 2 O 2 -extraction steps (F3-F6-F7 ). Possible Fe phases released by these extractions include very amorphous Fe-oxides (i.e., ferrihydrite), siderite, phyllosilicates (i.e., chlorite and biotite), amphiboles and Fe sulfides (e.g. pyrite). Extraction F3 may also include adsorbed Fe(II) (Dixit and Hering, 2006) .
In aquifer sands from site L, instead, little As was released by the phosphate extraction whereas more than 90% of As was released by HCl (F3: 35-54%) and DCB (F5: 25-65%, Table 2 ). The lack of correlation between Fe and As released in F3 and F5 suggests non-Fe containing phases may be significant hosts of As in aquifer sands at site L. These may include amorphous Al-oxides, as suggested by similar Fe and Al concentrations in F3 (3:2). All the other extractions released minor or undetectable levels of As ( Table 2 ). Most of the Fe present in aquifer sands at site L was released by DCB (13-48%) or HF (26-54%), suggesting the dominance of crystalline Fe-oxides like hematite or goethite, as well as Fe-containing silicates (Table 2 ).
Site H
In contrast to site L, strongly adsorbed As liberated by the phosphate extraction was by far the dominant pool (F2: >50%) throughout the sandy aquifer at site H (Table 2) . Additional quantities of As were also extracted by HCl (F3: 10-20%) and HF (F6: $9%) solutions. The average molar Fe:Al ratio of 5:2 in the solid phase suggests that amorphous Al-oxides are probably less important at site H than at site L. Contributions of As from other extractions were minor.
At site H, concentrations of Fe in the sediment extractable with DCB and HF are roughly balanced (32-37%) and larger than in the HCl-extractable pool (16%, Table 2 ). These observations indicate that Fe is mainly bound in crystalline phases like oxides and silicates (hematite, biotite, hornblende, etc.) as well as amorphous phases. Some Fe is also released by the phosphate extraction ($ 8%), indicating that Fe(II) might also be adsorbed to mineral surfaces, and by the oxalate-extraction ($ 8%).
Discussion
Association of arsenic in the sediment
The main difference in sediment geochemistry between the two sites is the extent of reduction of Fe oxhydroxides which, as inferred from colour and reflectance, is much more pronounced in all but the deepest sandy interval at site H compared to site L. In Bangladesh, DR values ranging from <0.1 to $1 correspond to leachable Fe(II)/Fe ratios ranging from >0.9 to $0.1, respectively . There are no other significant mineralogical differences between the two sites, as previously reported elsewhere for aquifers associated with contrasting levels of As in groundwater (Pal et al., 2002; van Geen et al., 2008a) . The presence of crystalline Fe(III) oxides like hematite inferred from the sequential extractions is consistent with the brown colour and reflectance of aquifer sands at site L (DR > 0.7) (Fig. 3a) . The sequential extractions indicate that most of the As in the sediment is associated with these crystalline Fe(III) oxides at site L (Table 2) and, based on the dissolved As profiles, is relatively insoluble. Similar associations have previously been reported for deeper Pleistocene aquifers of Bangladesh (BGS/DPHE, 2001; Harvey et al., 2002; Swartz et al., 2004; Zheng et al., 2005; Stollenwerk et al., 2007) .
In contrast, amorphous Fe phases of mixed Fe(II/III) valence are indicated by the grey colour and low DR values (<0.25) of aquifer sands at site H (Fig. 3b) . The sequential extraction data indicate that As is primarily adsorbed to these phases (Table 2 ) and, arguably for that reason, also elevated in groundwater (Zheng et al., 2005; van Geen et al., 2006; van Geen et al., 2008a) . Elevated Fe(II)/Fe ratios and high concentrations of P-extractable As in grey aquifer sands measured at several nearby locations (van Geen et al., 2008b (van Geen et al., , 2008a indicate that conditions at site H are representative of the larger area within Van Phuc where groundwater As concentrations are elevated. The high proportion of adsorbed As in reducing sands is consistent with previous observations by Berg et al. (2008) in this and other areas of Vietnam based on a simplified version of the extraction scheme of Keon et al. (2001) . Postma et al. (2007) concluded from their analysis of aquifer sediment from a shallow grey aquifer near the Red River associated with elevated dissolved As that, rather than being adsorbed, As in the solid phase is primarily bound within the lattice of Fe-oxides. The step in their extraction scheme used to identify adsorbed As relies on a 10-fold lower P concentration (Wenzel et al., 2001 ), which may explain the different attribution.
Factors contributing to arsenic release and retention
Whereas contrasting redox conditions between sandy aquifers at the two sites are likely to play a role, there is no simple correlation at site H between As and other constituents of groundwater indicative of microbially induced Fe-oxide reduction such as dissolved Fe, NH (Su and Pulse, 2001; Dixit and Hering, 2003; Radu et al., 2005) and HCO À 3 . Dissolved P concentrations are at least an order of magnitude higher at site H compared to site L, and HCO À 3 levels up to threefold higher (Fig. 5) . The sequential extraction data show that very little As is adsorbed at site L, however, suggesting that other factors control the release of As to groundwater at this location. There is no clear correlation between dissolved As and P levels even within the profile at site H. Whereas HCO À 3 levels are also generally higher at site H than at site L, the influence of HCO À 3 on the adsorption of As remains unclear Apello et al. (2002) and Anawar et al. (2004) concluded from their experiments that high concentrations of HCO À 3 result in considerable desorption of As. Meng et al. (2000) as well as Radu et al. (2005) could not confirm these results in their studies, however.
The precipitation of secondary mineral phases may be another reason why processes that are likely to influence the partitioning of As between groundwater and aquifer particles are difficult to separate. Several studies have pointed out that siderite can adsorb As or co-precipitate with As (Anawar et al., 2004; Sengupta et al., 2004; Guo et al., 2007) . Siderite as well as vivianite are both supersaturated at site H and therefore likely to precipitate (Fig. 6) . The reflectance data suggest the formation of amorphous Fe(II)-As(III)-phases at site H and these may have a relatively low affinity for As (Swartz et al., 2004; Horneman et al., 2004; van Geen et al., 2004; Herbel and Fendorf, 2006; Pedersen et al., 2006; Dixit and Hering, 2006; Coker et al., 2006) . Dixit and Hering (2006) provided evidence that sorption of As(III) on Fe-minerals is enhanced at higher Fe(II) concentrations, which is the case between 20 and 35 m at site H (Fig. 5) , leading to surface-precipitation of Fe(II)-As(III)-bearing phases. On the other hand, the formation of sulphide phases suggested by low dissolved S levels in portions of the aquifer at both sites could result in the loss of As from groundwater (Lowers et al., 2007) .
Source of organic matter resulting in reducing conditions
The geochemistry of the sediment and groundwater at sites H and L shows that both aquifers are reducing, although to a different extent. This raises the question of the origin of this contrast in redox conditions. The concentration of NH þ 4 , a good indicator of the intensity of NOM degradation (Postma et al., 2007) , is much higher at site H (<34 mg/L) compared to site L (<1 mg/L). The depth profiles, therefore, suggest a higher NOM-accessibility at site H compared to site L that is consistent with a more advanced state of reduction. The TOC content of sandy intervals at both sites is comparable and fairly low (L: 0.03 wt.%; H: 0.02 wt.%), which means that the nature of the organic matter would have to be different to account for the observed contrast.
An alternative explanation is that the reactive organic matter reaching sandy aquifers originates primarily from intercalated confining layers (Chapelle and Bradley, 1996; McMahon, 2001) . Peat layers have been documented in the Hanoi area and seem to be a common feature (Berg et al., 2001 Tanabe et al., 2003) . The upper layer at site L contains intervals elevated in TOC (Fig. 3a) , but concentrations are lower on average compared to site H (0.15 vs. 0.29 wt.%, respectively). At site L, however, this NOM is embedded within a thick silt layer and sealed from the underlying aquifer by Fe concretion. Combined with low NH þ 4 concentrations even in the shallowest well at site L, this suggests little downward transport of the NOM contained in the upper silt layer at site L. At site H instead, the NOM-rich layers are separated from the aquifer by only thin silt lenses and NH þ 4 , HCO À 3 , P tot and DOC concentrations are all elevated in the shallowest portion of the aquifer (Fig. 5) . The contrast in redox conditions between sites H and L could therefore plausibly be related to enhanced downward transport of organic matter from the top silt layer at site H which is in accordance with the interpretation of Berg et al. (2008) . Further study will be required to confirm such a link. The penetration of bomb-produced 3 H in the sandy aquifers at site H and the absence of 3 H at site L (unpublished data, F. Frei and R. Kipfer) might be another indication of a greater supply of reactive organic matter to those aquifers of Van Phuc that are elevated in As.
Conclusions
The data presented in this paper show that the sharp contrast in dissolved As concentrations between two portions of a single village on the banks of the Red River cannot be explained by major differences in bulk geochemistry or mineralogy of the sediment. Even if total concentrations of As in sandy parts of the sediment at both sites are comparable, the form and availability of As in aquifer particles is markedly different. At site H, concentrations of dissolved As in groundwater are elevated and As in the solid phase is primarily adsorbed to grey sands of mixed Fe(II/III) valence. The lithology and hydrochemistry of this site suggest that the strongly reducing nature of the aquifers at site H is related to a considerable supply of reactive NOM to the upper portion of the aquifer. At site L instead, As is not adsorbed but more tightly bound mostly within orange-brown Fe(III) oxides. Less reducing conditions at site L inferred from sediment colour and reflectance are consistent with a limited supply of reactive NOM to this location indicated by low levels of Fe, NH þ 4 , HCO À 3 and DOC in groundwater compared to site H. Extensive reduction of Fe oxhydroxides in the solid phase appears to be a key step for the release of As to groundwater in Vietnam, although the importance of other contributing factors, such as hydrogeology and the quality of NOM, has yet to be resolved.
